Reversible changes in lung microstructure accompany lung inflammation, although alterations in tissue micromechanics and their impact on inflammation remain unknown. This study investigated changes in extracellular matrix (ECM) remodeling and tissue stiffness in a model of LPS-induced inflammation and examined the role of lipoxin analog 15-epi-lipoxin A 4 (eLXA 4 ) in the reduction of stiffness-dependent exacerbation of the inflammatory process. Atomic force microscopy measurements of live lung slices were used to directly measure local tissue stiffness changes induced by intratracheal injection of LPS. Effects of LPS on ECM properties and inflammatory response were evaluated in an animal model of LPS-induced lung injury, live lung tissue slices, and pulmonary endothelial cell (EC) culture. In vivo, LPS increased perivascular stiffness in lung slices monitored by atomic force microscopy and stimulated expression of ECM proteins fibronectin, collagen I, and ECM crosslinker enzyme, lysyl oxidase. Increased stiffness and ECM remodeling escalated LPS-induced VCAM1 and ICAM1 expression and IL-8 production by lung ECs. Stiffnessdependent exacerbation of inflammatory signaling was confirmed in pulmonary ECs grown on substrates with high and low stiffness. eLXA 4 inhibited LPS-increased stiffness in lung cross sections, attenuated stiffness-dependent enhancement of EC inflammatory activation, and restored lung compliance in vivo. This study shows that increased local vascular stiffness exacerbates lung inflammation. Attenuation of local stiffening of lung vasculature represents a novel mechanism of lipoxin antiinflammatory action.
Clinical Relevance
Lipoxin post-treatment attenuates lung injury induced by bacterial pathogens. This study demonstrates a novel mechanism of the beneficial effects by lipoxin on acute lung injury recovery. Lipoxin abrogates the positive feedback escalation of lung inflammation and organ dysfunction via attenuation of extracellular matrix remodeling and perivascular tissue stiffening.
Acute respiratory distress syndrome remains a serious condition, with an overall mortality rate of 30 to 40% (1, 2) and limited selection of therapeutic options. Thus, further investigation into the mechanisms of acute respiratory distress syndrome remains a top priority for the cardiopulmonary field. The onset of lung injury is characterized by increased vascular permeability and expression of adhesive surface molecules (ICAM-1, VCAM-1, and E-selectin) by activated lung vascular endothelium, which promotes leukocyte adhesion, recruitment to the lung, and inflammatory cytokine production (3) (4) (5) .
Transition from the acute phase of lung inflammation to lung recovery is accompanied by change in the spectrum of lipid mediators present in the lung. Lipoxin A 4 (LXA 4 ) belongs to a group of lipid mediators generated later in the course of acute lung injury (ALI) that suppress the inflammation phase and promote the resolution phase (reviewed in References 6 and 7). The LXA 4 aspirin-triggered analog, 15-epi-LXA 4 (eLXA 4 ), shares antiinflammatory properties with native lipoxin, such as stimulation of Escherichia coli phagocytosis and inactivation of E. coli-induced cytokine production (8) .
In vivo induction of eLXA 4 by statins markedly decreases acute lung inflammation and stimulates the resolution phase (9) .
The molecular mechanisms of LXA 4 antiinflammatory action are currently under investigation and include modulation of redox signaling (10) , presqualene diphosphate turnover (11) , inhibition of VEGF receptor-2-activated signaling, phospholipase C-g, ERK1/2, and Akt kinases (12, 13) . A recent study by Carlo and colleagues demonstrates inhibition of agonist-induced assembly of NADPH oxidase complex by eLXA 4 and inhibition of superoxide anion generation by human neutrophils (14) .
The decrease in lung compliance observed in patients and in animal models of lung dysfunction reflects significant alterations of lung tissue mechanical properties. Increased substrate stiffness contributes to endothelial barrier disruption induced by inflammatory mediators (15) . Bacterial pathogens and bacteria-derived inflammatory compounds stimulate production of extracellular matrix (ECM) proteins by lung cells (16, 17) and trigger fibrin and ECM deposition in the human inflamed lungs (18, 19) , which may increase lung tissue stiffness. However, the changes in micromechanical environment of lung vasculature and their contribution to the lung inflammatory process remain unclear. Although tissue remodeling and increased ECM deposition has been observed in the course of ALI, its effects on the changes in micromechanical environment of the lung vasculature and the potential contribution to the lung inflammatory process remain unknown.
In this study, we used models of ALI in vivo precision-cut live lung slices and pulmonary endothelial cells (ECs) to test the effect of eLXA 4 on perivascular mechanical properties, modulation of ECM synthesis, and endothelial inflammatory activation induced by bacterial LPS. We tested the hypothesis that eLXA 4 suppresses the LPS-induced ECM production and ECM stiffening mediated by activated vascular endothelium and that this effect of eLXA 4 Figure 2 . Effect of eLXA4 on LPS-induced changes in the lung compliance and perivascular stiffness. C57BL/6J mice were challenged with vehicle or LPS (0.83 mg/kg, intratracheally) with or without eLXA4 post-treatment (100 mg/kg, intravenously, 5 h after LPS administration). Control animals were treated with sterile saline solution. (A) Measurements of lung compliance were performed using the Flexivent system as described in MATERIALS AND METHODS. eLXA4 reduced transthoracic static compliance caused by intratracheal administration of LPS. Measurements are means 6 SE at 10 cm H 2 O for each group. *P , 0.05 compared with LPS-treated mice (n = 3). (B) Representative bright field microscopy images of precision-cut live lung slices before the atomic force microscope (AFM) measurements. AW, airway. The vessel cross-section areas selected for AFM probe application are shown by arrows. (C) Elastic modulus measurements in precision-cut lung slices from control and LPS-treated mice were performed using the AFM approach described in MATERIALS AND METHODS. Cantilever spring constant, k = 63 pN/nm (determined by thermal resonance method). Typical recordings are presented. Forces were measured in a PBS environment using the same probe and identical parameters for all measurements. Shown are representative force curves for each condition. The plot represents, for each of the three conditions, measurements from at least five different vessels on at least two different tissue sections. Indenter depth was 500 nm or less, for which over 500 stable nanoindentations were taken for each condition. (D) Statistical analysis of elastic modulus measurements. The filled square is the mean, the line above or below is the median, the box represents the 25th to 75th percentile of data, and the vertical line shows the data range. Origin8 Data Analysis software was used for this analysis. microenvironment contributes to the attenuation of endothelial inflammatory activation and lung injury.
Materials and Methods
Further details are provided in the online supplement.
Cell Culture
Human pulmonary artery ECs were obtained from Lonza (Allendale, NJ).
Preparation of Polyacrylamide Substrates for Cell Culture
Polyacrylamide substrates were prepared on glass coverslips with an acrylamide/ bis-acrylamide ratio to obtain gels with shear elastic moduli of 1.5, 2.8, and 40 kPa. Collagen was covalently attached to the top surface of the polyacrylamide hydrogel as described elsewhere (20, 21) .
Measurement of IL-8
IL-8 levels were determined in human pulmonary artery EC-conditioned media by ELISA (ELISA MAX Deluxe set; Biolegend, San Diego, CA) following the manufacturer's protocol.
Immunofluorescence Staining
Endothelial monolayers were subjected to immunofluorescence staining as described (22) . Slides were analyzed using a Nikon video imaging system (Nikon Instech Co., Tokyo, Japan). Images were processed with Image J software (National Institutes of Health, Washington, DC) and Adobe Photoshop 7.0 (Adobe Systems, San Jose, CA) software.
Western Blot
Protein extracts were separated by SDS-PAGE and transferred to polyvinylidene difluoride membranes, and the membranes were incubated with specific antibodies of interest.
Quantitative RT-PCR
Analysis of human and mouse fibronectin, collagen type I A1, and lysyl oxidase (LOX) mRNA expression was performed by quantitative real-time RT-PCR. Gene expression fold changes were calculated according to the DDCt method (23) . Procedure details are provided in the online supplement.
LOX Activity Assay
LOX activity in conditioned medium was measured using a LOX activity assay (AAT Bioquest, Sunnyvale, CA) according to the manufacturer's instructions.
Human Lung Slices
Human donor lungs that could not be transplanted were obtained from deceased donors through the Gift of Hope/Regional Organ Bank of Illinois and were stored at 4 8 C for up to 2 days before use. Precision-cut lung slices were obtained as previously described (24) .
Atomic Force Microscope Analysis of Vascular Stiffness in Live Lung Slices
Atomic force microscope (AFM) measurements were performed on fresh, fully hydrated lung tissue sections. Procedure details are provided in the online supplement.
Animal Studies
All experimental protocols involving the use of animals were approved by the University of Chicago Institutional Animal Care and Use Committee for the humane treatment of experimental animals. C57BL/6J mice were randomized to concurrently receive sterile saline solution or eLXA 4 (100 mg/kg) by injection in the external jugular vein 5 hours after LPS challenge (0.83 mg/kg; E. coli O55:B5). After 48 hours of LPS challenge, animals were killed by exsanguination under anesthesia. Measurements of cell count, protein concentration, myeloperoxidase activity, Evans blue extravasation, and histological assessment of lung injury were conducted as described (25, 26) .
Statistical Analysis
Results are expressed as means 6 SD of three to eight independent experiments. Stimulated samples were compared with controls by unpaired Student's t test. For multiple-group comparisons, one-way ANOVA and Tukey's post hoc multiplecomparison test were used. P , 0.05 was considered statistically significant. Intratracheal instillation of LPS for 48 hours significantly increased protein content, increased total and neutrophil cell count in the BAL samples, and elevated myeloperoxidase activity in the lung tissue homogenates ( Figures 1A-1D) . A single intravenous injection of eLXA 4 5 hours after intratracheal LPS instillation substantially attenuated all parameters of LPS-induced lung dysfunction, whereas administration of the lipoxin receptor inhibitor WRW4 diminished the protective effects of eLXA 4 .
LPS-induced lung vascular leak was detected by Evans blue dye accumulation in the lung parenchyma. Images of original lung preparations depicting Evans blue extravasation are shown in Figure 1E (upper panel). Post-treatment with eLXA 4 decreased the Evans blue accumulation in the lungs of LPS-exposed mice. Quantitative analysis of Evans blue-labeled albumin extravasation further confirmed these results ( Figure 1E , lower panel). Morphological analysis of lung injury by hematoxylin and eosin staining was used as an additional parameter of neutrophilic infiltration and inflammation and showed marked attenuation of LPS-induced lung inflammation by eLXA 4 ( Figure 1F ).
eLXA 4 Attenuates LPS Effects on Lung Stiffness
We measured transthoracic static compliance, which is an index of lung edema caused by ALI. Pressure-volume curves were generated in saline-treated mice, in LPS-treated mice, and in mice treated with LPS followed by eLXA 4 Using precision-cut lung slices, we directly evaluated local changes in lung vascular viscoelastic properties. Crosssections of blood capillaries were identified by bright field microscopy of live lung slices, and the AFM cantilever was aimed at these regions shown in Figure 2B . Peak force was reached during 50-mm indentations. Indenter depth was 500 nm or less, for which over 500 stable nanoindentations were taken for each condition. The raw AFM force data from precision-cut lung slices obtained from control mice and from LPS-treated and LPS 1 eLXA 4 -treated mice are shown in Figure 2C . The AFMdetermined elastic modulus of the microvessel walls from the lungs of LPStreated mice was dramatically increased (42.12 6 15.142 kPa versus 3.293 6 1.177 kPa in control; P , 0.001), whereas eLXA 4 post-treatment returned the elastic modulus of the vessel wall to the levels in the untreated mouse lung (3.959 6 2.028 kPa) ( Figure 2D ). The AFM studies and lung compliance measurements demonstrated LPS-induced lung stiffening. Because increased ECM production contributes to this effect, we performed comprehensive analysis of lung tissue in vivo and ex vivo and of pulmonary ECs. Intratracheal injection of LPS increased expression of the ECM component fibronectin, which was detected in the lung tissue samples ( Figure 3A , left panel). This increase was accompanied by increased expression of endothelial surface adhesion molecules VCAM1 and ICAM1, indicating endothelial inflammatory activation ( Figure 3A, right panel) . We next analyzed these parameters in the cultured precision-cut human lung slices exposed to LPS with and without eLXA 4 post-treatment. LPS increased protein expression of fibronectin and ICAM1 ( Figure 3B ). LPS also increased expression of LOX, the enzyme involved in ECM crosslinking leading to tissue stiffening (27) . These changes were attenuated in the LPS-challenged lung slices post-treated with eLXA 4 . Treatment with lipoxin receptor inhibitor WRW4 before eLXA 4 abolished its protective effect. Finally, we measured ICAM1, VCAM1, fibronectin, and LOX expression in human pulmonary EC cultures challenged with LPS for 48 hours with or without 5 hours post-treatment with eLXA 4 . Similarly to lung tissue, LPSinduced up-regulation of ECM and cell adhesion proteins was blunted by eLXA 4 in the cultured cells ( Figure 3C) . These data also demonstrate involvement of lung vascular endothelium in ECM remodeling. The effects of LPS on the expression of fibronectin, LOX, and the other major ECM protein, collagen-1A, were further verified by quantitative RT-PCR. Consistent with Western blot results, LPS significantly increased fibronectin, LOX, and collagen-1A mRNA levels in the mouse lungs and cultured pulmonary ECs (Figure 4 ). This effect was attenuated by administration of eLXA 4 5 hours after LPS challenge.
eLXA 4 Attenuates LPS-Induced Activation of LOX and ECM Deposition by Pulmonary ECs
Precision-cut human lung slices were cultured for 48 hours with or without LPS. eLXA 4 was added to selected slices 5 hours after LPS administration. Similarly, human pulmonary EC cultures were exposed to LPS with or without eLXA 4 post-treatment. LOX enzymatic activity was measured in conditioned medium. Increased LOX activity was observed in LPS-treated lung slices and EC cultures and was attenuated by eLXA 4 post-treatment ( Figures 5A and 5B) . In control experiments, cotreatment with the LOX inhibitor b-aminopropionitrile attenuated LPS-induced LOX activation.
Pharmacological inhibitor of lipoxin FPR2 receptor abolished the protective effects of eLXA 4 against LPS-induced LOX activation.
LPS-induced endothelial activation was reflected by an increased number of actin stress fibers and formation of paracellular gaps in the LPS-stimulated EC monolayers ( Figure 5C, top panel) . LPS-induced ECM deposition was further evaluated using immunofluorescence staining with fibronectin antibody. Fibronectin bundles deposited by cultured ECs were visualized by fibronectinspecific antibody ( Figure 5C , middle panel) after detachment of cell monolayers using EGTA treatment as described in MATERIALS AND METHODS. LPS markedly increased overall antifibronectin immunoreactivity and caused the appearance of thicker fibronectin bundles. These LPS effects were attenuated by EC post-treatment with eLXA 4 . These results show that extracellular deposition of fibronectin by cultured ECs was stimulated by LPS and attenuated by eLXA 4 . Immunofluorescence detection of ICAM1 showed that LPS induced ICAM1 expression by pulmonary ECs, which was abolished by eLXA 4 cotreatment ( Figure 5C , bottom panel). 
Increased Matrix Deposition by LPS-Treated Pulmonary ECs Enhances TNF-a-Induced ICAM1 Expression and IL-8 Production
These studies tested whether increased matrix deposition by LPS-stimulated ECs affects cell response to proinflammatory cytokines. In these experiments, control or LPS-challenged pulmonary ECs were cultured for 3 days on compliant polyacrylamide substrates (2.8 kPa) to allow for ECM deposition. Then, cells were detached using a 15-minute incubation with sterile EGTA, the deposited matrix was additionally washed with sterile PBS, and fresh pulmonary ECs were seeded on predeposited matrix. After cell attachment and spreading, freshly seeded EC cultures were stimulated with TNF-a for 4 hours. Cells reseeded on matrix produced by LPS-stimulated ECs responded to TNF-a by increased ICAM1 and VCAM1 expression ( Figure 6A ). Increased ECM deposition by initial EC culture challenged with LPS is reflected by increased fibronectin immunoreactivity in the total lysates, as compared with b-actin normalization control ( Figure 6A , bottom panels). ECs seeded on the matrix deposited by LPS-stimulated cells also showed increased IL-8 expression in response to TNF-a ( Figure 6B ). In the next series of experiments, primary seeded ECs were grown in the presence of LPS with or without the LOX irreversible inhibitor b-aminopropionitrile. After 3 days of culture, the cells were detached as described above, and fresh pulmonary ECs were reseeded onto predeposited matrix and stimulated with TNF-a. The LOX inhibitor attenuated enhancement of TNF-a-induced ICAM1 expression by predeposited matrix ( Figure 6C ). These results indicate that LPS induces activation of LOX in addition to stimulation of ECM expression by pulmonary ECs, suggesting the importance of LOX-mediated ECM crosslinking leading to ECM stiffening, which is likely required for full inflammatory activation of TNF-a-treated fresh cells grown on this preformed matrix.
Increased Matrix Stiffness Augments EC Inflammatory Response and Paracellular Gap Formation Caused by TNF-a and LPS
Results of experiments described above prompted us to test the effects of substrate stiffness on EC responses to inflammatory agonists directly. EC monolayers grown on soft (1.5 kPa) and stiff (40 kPa) polyacrylamide gels were stimulated with TNF-a or LPS for 4 hours, and ICAM1 and VCAM1 expression and IL-8 production were evaluated. Cells grown on stiff substrates responded to TNF-a and LPS by higher levels of ICAM1 and VCAM1 expression and IL-8 production by stimulated ECs (Figures 7A and 7B) .
A more pronounced inflammatory response by cells grown on a stiffer substrate was also associated with a higher level of barrier disruption in EC monolayers upon LPS and TNF-a stimulation, which was monitored by F-actin immunofluorescence staining with Texas Red phalloidin ( Figure 7C ) and quantitative analysis of paracellular gap formation ( Figure 7D ).
Discussion
This study demonstrates for the first time the local changes in perivascular stiffness, which developed in inflamed lungs. We performed over 30 independent AFM measurements in different areas of the microvessel tissue cross-section for each experimental condition. The remarkably reproducible differences between local tissue stiffness in the lung slices from control, LPStreated, and LPS 1 LXA 4 -treated animals reflect local mechanical properties of microvascular tissue defined by deposited matrix and/or swollen capillary walls in LPS-treated mouse lungs. This report is also the first demonstration of inflammation enhancement by increased local tissue stiffness. LPS-induced increases in lung perivascular stiffness from LPS-treated mice determined in the AFM study were accompanied by increased fibronectin and collagen-1 expression and LOX activity in three models: the lungs of LPS-treated mice, LPS-challenged human lung slices ex vivo, and human pulmonary ECs. These data indicate that LPS-activated vascular cells produce ECM, which alters local mechanical microenvironment in the inflamed microvasculature. Although it was not investigated in this study, other vascular cells (smooth muscle cells and fibroblasts) may also participate in the LPSinduced vascular remodeling in addition to vascular endothelium. LOX activation stimulates crosslinking of collagen fibers, leading to the formation of more rigid ECM scaffolds (28, 29) . Increased LOX activity was observed in tumors and fibrotic tissues and was associated with increased stiffness of ECM (27, 30) . The direct effects of substrate stiffness on EC inflammatory activation were measured using polyacrylamide hydrogels, revealing enhancement of TNF-a-induced ICAM1 and VCAM1 expression and IL-8 production by ECs grown on stiff substrates. LPS-induced ECM production and deposition by cultured ECs observed in this study as well as activation of LOX suggests increased production of matrix with increased stiffness. This possibility was addressed by analysis of inflammatory responses of naive ECs reseeded on ECM deposited by LPS-stimulated human pulmonary ECs. Our results showed that (1) ECM formed by LPS-challenged ECs exacerbated ICAM1 and IL-8 production by naive ECs in response to TNF-a and (2) this exacerbation effect was significantly attenuated by ECM deposition in the presence of LOX inhibitor. Because these experiments were performed on hydrogels of physiologically relevant stiffness (31), the observed effects of LOX inhibition strongly suggest the role of endogenous ECM stiffening in the potentiation of EC inflammation.
The mechanisms of stiffnessdependent regulation of inflammation remain unclear. The magnitude of RhoA GTPase-mediated signaling activation is dependent on substrate stiffness and may determine the path of stem cell differentiation (32) , myofibroblast differentiation (33), or endothelial permeability response to agonists (15) . On the other hand, Rho signaling is essential for full activation of LPS-induced inflammatory signaling cascades (34) (35) (36) . This study shows the enhancement of EC inflammatory activation by LPS-induced ECM production and LOX-dependent ECM crosslinking leading to ECM stiffening. Because increased ECM stiffness enhances agonist-induced activation of RhoA signaling, which in turn modulates the inflammatory response to LPS, we speculate that stiffness-dependent enhancement of RhoA may be a plausible mechanism of stiffness-dependent augmentation of vascular leak and inflammation in the model of lung dysfunction induced by LPS or other inflammatory stimuli. This intriguing question requires further investigation. The second major finding of this study is attenuation of LPS-induced lung tissue stiffening and inflammation by LXA 4 . Such protective effects of intravenous LXA 4 injection in the animal ALI model was achieved even 5 hours after LPS challenge. LXA 4 abrogated LPS-induced activation of ECM protein expression as well as expression and activation of LOX. These data suggest the novel role for LXA 4 in down-regulation of lung tissue remodeling and restoration of lung vascular mechanical microenvironment. We also cannot exclude the direct effects of LXA 4 on LPS-induced cytokine production and inflammatory adhesion molecule expression. However, enhanced inflammatory activation of ECs grown on stiff substrate and the inhibitory effects of LXA 4 on ECM production and lung perivascular stiffness support the mechanism of inflammatory signaling modulation by LXA 4 via change in lung tissue micromechanics.
In summary, these results demonstrate a novel modality of substrate stiffness in the modulation of the EC inflammatory response. LPS or other inflammatory interventions activate inflammatory cascades in ECs but also stimulate deposition of ECM and activation of LOX activity, leading to local tissue stiffening. In turn, increased ECM stiffness further exacerbates inflammatory activation of lung vascular endothelium, reflected by increased expression of ICAM1 and VCAM1 and production of IL-8. This feedback mechanism leads to escalation of vascular inflammation and ALI but may be intercepted by administration of LXA 4 . Thus, LXA 4 exhibits multifaceted modalities in suppressing inflammation and promoting lung repair, including a novel mechanism for control of vascular endothelial inflammation by changes in lung micromechanics. We speculate that disrupted control of inflammation and ECM micromechanics normally performed by LXA 4 and other proresolving lipid mediators may lead to the development of fibroproliferative acute respiratory distress syndrome, which is associated with poor prognosis and high mortality. n Author disclosures are available with the text of this article at www.atsjournals.org.
